The clinical course of prostate cancer is highly variable. Current prognostic variables, stage, and Gleason score have limitations in assessing treatment regimens for individual patients, especially in the intermediate-risk group of Gleason score 7. ERG:TMPRSS2 fusion and loss of PTEN are some of the most common genetic alterations in prostate cancer. Immunohistochemistry of PTEN and ERG has generated interest as a promising method for more precise outcome prediction but requires further validation in population-based cohorts. We studied the predictive value of ERG and PTEN expression by immunohistochemistry in two large radical prostatectomy cohorts comprising 815 patients with extensive follow-up information. Clinical end points were initiation of secondary therapy, overall survival, and disease-specific survival. Predictions of clinical outcomes were also assessed according to androgen receptor (AR) activity. PTEN loss, especially in ERGnegative cancers, predicted initiation of secondary treatments and shortened disease-specific survival time, as well as stratifying Gleason score 7 patients into different prognostic groups with regard to secondary treatments and disease-specific survival. High AR immunoreactivity in ERG-negative cancers with PTEN loss predicted worse disease-specific survival. We also observed that in Gleason score 7 ERG-negative cases with PTEN loss and high AR expression have significantly shorter disease-specific survival time compared with ERG-positive cases. Our conclusion is that loss of PTEN is a strong determining factor for shorter disease-specific survival time and initiation of secondary therapies after radical prostatectomy. The predictive value of PTEN immunoreactivity is further accentuated in ERG-negative cancers with high AR expression. Negative PTEN expression, accompanied by ERG status, can be used to stratify patients with Gleason score 7 into different survival groups. Assessment of PTEN and ERG status could provide an additional tool for initial diagnostics when determining the prognosis and subsequent follow-up regimen for patients treated by radical prostatectomy.
Prostate cancer is the most common malignant disease among men in the western world. 1 Aside from its high incidence and prevalence, it is biologically a highly variable disease. A considerable proportion of cancers are clinically insignificant and do not cause any serious morbidity during the lifetime of an individual. However, some prostate cancers are highly aggressive, quickly progress to metastatic disease, and ultimately become treatment resistant, leading to cancer-specific death. Gleason grade and tumor stage are still the most widely accepted and clinically valuable tools for predicting disease-specific survival in prostate cancer. However, Gleason grading, even after having gone through modifications, 2, 3 needs to be supplemented with, or accompanied by, new markers to differentiate between low-risk and high-risk diseases. This is especially important for Gleason score 7 disease, where prediction of clinical outcome is uncertain. An optimal predictive biomarker would stratify patients by treatment response and disease-specific mortality while also providing biologically relevant information for applicable therapy. Although knowledge of genomic markers in prostate cancer has greatly improved in recent years, there is still a lack of validated, reliable markers for use in clinical practice. 4 Among the most prevalent genetic alterations in prostate cancer are the fusion of the androgenregulated serine protease TMPRSS2 with the ets family transcription factor ERG and the inactivating rearrangements in the tumor suppressor gene PTEN (phosphatase and tensin homolog). 5 TMPRSS2:ERG fusions occur frequently, presenting in 36-78% of patients, and appear to occur early in carcinogenesis. [6] [7] [8] PTEN loss occurs in 16-47% of radical prostatectomy or biopsy specimens and has been shown to associate with adverse pathological findings and impaired survival, as well as the development of castration resistance and metastasis. 7,9-11 PTEN loss is a less prevalent, but potentially clinically more relevant genetic rearrangement than TMPRSS2:ERG fusions in prostate cancer. Immunohistochemical methods have proven reliable and useful in detecting the alterations in the expression of ERG protein, a surrogate marker for TMPRSS2:ERG fusion, and PTEN. 8, [12] [13] [14] [15] ERG overexpression alone does not determine disease progression or patient outcome. 12, 13, 16, 17 It may, however, indicate the predisposing effect of the gene fusion upon other cancer cell regulatory pathways such as loss of PTEN, 7,18-21 and thus, may reflect disease aggressiveness. PTEN loss alone seems to 22, 23 show some value in predicting patient outcomes. 9, 15, 24, 25 However, the combined function of these genetic alterations-TMPRSS2:ERG fusion and PTEN deletion-apparently has more clinical significance than either one alone. 18, 22, 23, 26 Reports of ERG fusion-positive-PTEN-negative prostate cancer suggest that this combination may lead to unfavorable disease outcomes such as earlier biochemical recurrence 10, 21, 27 and cancer progression. 28, 29 The opposite may also be true 22, 23 and, to date, there are few studies with disease-specific survival as the prediction end point.
Prostate cancer is highly dependent upon androgen receptor (AR) pathway activity. The controversy in the findings of ERG regulating the AR pathway [30] [31] [32] and the lack of PTEN and AR comparison in large human-derived clinical cohorts warrants further study. Here we sought to validate the prognostic significance of the ERG and PTEN expression in patients treated with radical prostatectomy and to study the association of AR expression with ERG and PTEN expressions in a large cohort with long follow-up time and disease-specific survival as the major end point.
Materials and methods

Study Population
As a substudy of FinnProstate IX, a national tissue microarray initiative, we utilized a clinical database and accompanying tissue microarray consisting of all patients treated with radical prostatectomy between 1983 and 1998 at Helsinki University Hospital and between 2000 and 2005 at Turku University Hospital. Limited pelvic lymph node dissection accompanied most of the prostatectomies in both cohorts. The Helsinki database with clinical preoperative and follow-up information was gathered originally in 2005 and the Turku database in 2010. The clinical databases were combined and updated in 2015 with the Finnish Cancer Registry's data on patients' allcause and disease-specific mortality, resulting in a median follow-up time of 15.7 years for the Helsinki cohort (range 0.7-28.6) and 9.5 years (range 0.2-14.0) for the Turku cohort. The Helsinki cohort comprised 478 patients of whom 452 had formalin-and paraffinembedded prostatectomy blocks available for tissue microarray construction in 2010. The Turku cohort comprised 532 patients, all of whom had prostatectomy blocks available for tissue microarray construction in 2010. To avoid possible interference on marker status, only patients who had not received neoadjuvant therapies prior to surgery were selected for analysis, which led to 401 and 503 patients in the Helsinki and Turku cohorts, respectively. Because of incomplete tissue material or staining failure, the final analysis comprised a total of 358 patients in the Helsinki cohort and 457 patients in the Turku cohort. Postoperative follow-up was conducted by clinical examinations and prostate-specific antigen (PSA) measurements at least three times during the first year after surgery and at least once a year during the following years. Patient characteristics of both study populations are presented in Table 1 . One hundred and thirty-one and 145 patients received secondary therapies after radical prostatectomy in Helsinki and Turku, respectively, according to clinical practices at that time. For the Helsinki cohort, full information on the commencement dates of secondary therapies was also available (Supplementary Table 1 ). As no significant differences were found between the cohorts in terms of the conventional clinical predictive markers, the cohorts were combined for survival analysis with regard to ERG and PTEN expressions.
The use of tissue material and corresponding clinicopathological data was approved by the ethics committees of the corresponding hospital districts (Hospital District of Helsinki and Uusimaa and Hospital District of Southwest Finland). Approval for the use of tissue materials was also obtained from the National Authority for Welfare and Health in Finland, according to national legislation, and use of the Finnish Cancer Registry's data was approved by Finland's National Institute for Health and Welfare. Patient's personal information was de-identified prior to analyses.
Tissue Microarray Construction
The prostatectomy samples were fixed in neutral buffered formalin (10%) prior to tissue processing and paraffin embedding. For construction of the tissue microarray blocks, histopathology was re-evaluated and Gleason scores assigned according to updated criteria 2 from corresponding hematoxylin and eosin or herovici slides by experienced uropathologists (TM, SN, and AB in Helsinki and TM in Turku). The grading was further assessed according to the proposed new Gleason grade grouping. 3 The pathologists also selected representative areas for the tissue microarray cores. The Helsinki tissue microarray blocks were constructed as previously described 33 and consisted of four samples from each patient: two tissue cores from the area containing the most dominant Gleason grade pattern, one core out of the area with the secondary Gleason grade pattern and one core from an adjacent benign glandular area. The Turku tissue microarray blocks were constructed as previously described. 34 Three to twelve (median three) adjacent cores 1 mm in diameter were drilled and transferred to the recipient block from the index carcinoma lesion (based on the Gleason grade pattern, the volume of cancer lesion, and/or 33 The same antibodies and dilutions were used to evaluate ERG and PTEN expressions for the Turku cohort. Stainings were carried out using a Ventana automated staining machine (Ventana Medical Systems, Tucson, AZ, USA) and the primary antibodies were detected with Vectastain anti-rabbit HRP-conjugated secondary antibodies. The slides were counterstained with hematoxylin and analyzed directly after staining with Olympus BX60 microscope (Olympus Optical, Tokyo, Japan). Immunohistochemistry for AR expression status was not performed for the Turku cohort.
Marker Scoring
The expressions of ERG and PTEN in tissue cores were evaluated independently by investigators (KL and TM in Helsinki and IS and PT in Turku) blinded to the clinical and other pathological data. Internal staining controls were endothelium for ERG and benign prostatic epithelium for PTEN. Nuclear ERG expression was considered negative, weak, moderate, or strong (and later dichotomized as either negative or positive for statistical analyses), and cytoplasmic PTEN expression as either negative or positive. No clear cut off values were defined, but ERG was considered negative or weak if the staining was absent or markedly lower than in the endothelial cell nuclei. PTEN expression in an individual tissue microarray core was considered lost if the intensity of cytoplasmic staining was markedly lower than in the surrounding benign glands. On the patient level, ERG and PTEN scores were assessed separately for each core and the final analysis was made by comparing the scores pairwise similarly to a recent analysis by Ahearn et al. 22 Complete or partial PTEN loss was assessed overall in all of the cores of an individual patient. PTEN loss was determined as either complete (all cores negative) or partial (any core negative). AR expression scores for the Helsinki cohort were adapted from our previous work with the same tissue microarrays, and were dichotomized to be either low or high. 33 Representative sequential sections showing ERG, PTEN, and AR immunohistochemistry are shown in Figure 1 .
Statistical Analysis
χ 2 and Fisher's exact tests were employed, when appropriate, to investigate the correlations between ERG and PTEN expressions and clinical variables. Kaplan-Meier survival analyses with Mantel-Cox log-rank statistics were conducted to compare different marker expressions for their effect on disease-specific survival, overall survival, and for the Helsinki cohort, secondary therapy-free survival. Uni-and multivariate Cox regression analyses were performed to determine the effects of marker status (ERG positivity, complete loss of PTEN, and strong AR expression) and standard variables (age at operation, preoperative PSA, pT stage, Gleason score, and lymph node status) on disease-specific mortality, overall mortality, and receiving secondary therapies. ERG expression was used as a stratification variable, because it was non-proportional when checking for proportional hazards. All statistical analyses were performed with IBM SPSS Statistics 23 (IBM, Chicago, IL, USA). Statistical significance was deemed at P o 0.05 in two-sided tests.
Results
During follow-up, there were 33 (9.2%) prostate cancer-related deaths in the Helsinki cohort and 19 (4.2%) in the Turku cohort among the patients with full ERG and PTEN status available. All-cause mortality in the combined data was 30.0% (48.0% in Helsinki and 16.0% in Turku) and disease-specific mortality was 6.4% during a median follow-up of 11.9 years. The most common Gleason score in the prostatectomy specimens in both cohorts was 7 (49.6%). For detailed patient characteristics and follow-up information, see Table 1 .
In the crosstabs analyses, PTEN loss was significantly associated with higher preoperative PSA, higher Gleason score, higher pT stage, positive lymph nodes, poorer overall survival and diseasespecific survival, and increased likelihood for receiving secondary treatments. On the other hand, positive ERG status correlated only with lower preoperative PSA and increased likelihood for receiving secondary therapies but not with diseasespecific survival or overall survival (Supplementary Table 2) . Kaplan-Meier analysis demonstrated that ERG status alone was not associated with overall survival, disease-specific survival, or time to secondary therapy, nor were there any significant associations between PTEN status alone and overall survival (data not shown). PTEN loss was statistically significantly associated with shorter diseasespecific survival time (Figures 2a and b) . Complete loss of PTEN expression, compared with intact or partially lost PTEN, raised the risk of prostate cancer death with a hazard ratio (HR) of 2.156 (95% CI 1.169-3.976, P = 0.014) in univariate Cox regression analysis, although not in multivariate analysis (Supplementary Table 3 ). PTEN loss alone did not associate with shorter disease-specific survival time in the individual grade groups or Gleason scores, nor in the higher grade groups of 3-5 combined (data not shown).
Considering the recent findings of ERG expressionrelated differences in prediction of lethal cancer by Ahearn et al, 22 we tested the association of combined ERG/PTEN expression status with the likelihood of receiving secondary treatment after radical prostatectomy. The original treatment decisions for these patients had been made by the treating urologists, reflecting clinical practice at that time (Supplementary Table 1 ). Loss of PTEN was associated with shorter secondary therapy-free survival in both ERG-positive and ERGnegative patients (Figure 3a) . In logistic regression analyses, the HR for commencing secondary treatment was 2.782 (95% CI 1.846-4.193, Po0.001) for complete PTEN loss in univariate analysis and 2.290 (95% CI 1.314-3.989, P = 0.003) in multivariate analysis, when compared with intact or partially lost PTEN (Supplementary Table 3 ). Complete PTEN loss in ERGnegative patients was significantly associated with shorter disease-specific survival time when compared with ERG-positive patients with PTEN intact or only partially lost (P = 0.024, Figure 3b ). Any PTEN loss differed from intact PTEN in terms of disease-specific survival, but only in ERG-negative patients (P = 0.021).
In order to assess the utility of ERG/PTEN status in stratifying patients with intermediate grade prostate cancer (Gleason score 7 or grade group 3), we tested complete or partial PTEN loss in ERG-negative and -positive cases. Kaplan-Meier survival analysis showed that ERG-negative patients with complete PTEN loss had the poorest disease-specific survival in the Gleason score 7 (P = 0.008, Figure 4a ) and grade group 3 (P = 0.013, Figure 4b ) subgroups.
In univariate Cox regression analysis strong AR expression raised the risk of prostate cancer death with a HR of 2.375 (95% CI 1.008-5.598, P = 0.048) (Supplementary Table 3 ). As recent studies provide evidence that ERG-negative prostate cancer with PTEN loss retains androgen activity, we wanted to test the effect of AR expression in ERG-positive and ERGnegative cancers with PTEN loss. Half of the ERGnegative patients had high AR expression (92/177, 52.0%) compared with 76.8% (139/181) of the ERG-positive patients. In Kaplan-Meier analysis, ERG-negative patients with high AR expression had significantly shorter disease-specific survival time than ERG-negative patients with low AR expression (Figure 5a , P = 0.036). This shorter disease-specific survival time among ERG-negative patients with high AR was further accentuated by complete loss of PTEN (Figure 5b , P = 0.012) and a similar effect was observed in the subanalysis of Gleason score 7 patients (Figure 5c , P = 0.036). For ERG-positive patients, AR status did not determine survival differences (P = 0.485), nor were there differences among patients with complete PTEN loss in terms of AR statusdetermined disease-specific survival (P = 0.226).
Discussion
Promising predictive biomarkers that would complement histopathological evaluation in prostate cancer are regularly discovered, but thus far, only with conflicting results in terms of clinical relevance. TMPRSS2:ERG is the most prevalent known fusion gene in the development of prostate cancer. Fusion occurs either through insertional chromosomal arrangement or intrachromosomal deletion. A recent animal model study by Linn et al 35 found that in the background of PTEN deficiency, ERG fusion through deletion drives prostate cancer to poor differentiation and epithelial-mesenchymal transition, a much debated phenomenon in human prostate cancer. They also found that exclusively intrachromosomal deletion was associated with lethal features in clinical cancer through the loss of tumor suppressor genes. These tumors in the animal model seem to retain AR activity but lose the protein expression of ERG, contrary to what is seen in human tumors with known ERG fusion. In this study we validated the effects of PTEN loss, combined with ERG and AR status, in the lethal progression of prostate cancer in a clinical patient cohort with sufficient followup time.
Earlier, we found that FOXA1 regulates AR-related progression of prostate cancer through cistrome reprogramming. 33 Linn et al 35 also speculated, based on their findings, that AR function is increased through molecular rearrangements or cistrome reprogramming. Our current results show high AR expression in ERGnegative prostate cancer with PTEN loss. Furthermore, these patients have a poorer prognosis compared with ERG-negative-PTEN intact-or ERG-positive-PTENnegative patients. This suggests that AR-regulated pathways are maintained, or even promoted, in highly malignant prostate cancer, regardless of ERG fusion status. Our results also concur with earlier findings suggesting poorer response to conventional androgendeprivation therapy or novel antiandrogen therapy in men with ERG-negative lesions when compared with Notably, our ERG and AR antibodies are the same as used in the studies by Ahearn et al 22 and Linn et al. 35 However, neither our study nor Ahearn's 22 was able to show whether negative ERG protein expression in fact reflects fusion by intrachromosomal deletion, which may lead to AR overexpression through mechanisms yet poorly characterized. In addition, type of ERG activation and possible different prognostic correlations were not assessed in our study. The antibody used by us and by Ahearn et al 22 should detect the ERGα subtype that is generated by both types of fusion. It is evident that this kind of subanalysis for the ERG fusion-negative cases with impaired prognosis will ultimately be needed and the recent findings from animal models warrant validation in large-scale human cohorts.
Our results strongly support the notion that TMPRSS2:ERG fusion is an early event in carcinogenesis and does not, as such, correlate with lethal prostate cancer. While we were conducting this study, Ahearn et al 22 published prediction results similar to ours in their surgically treated cohort. The main difference between the studies is that our survival analysis for lethal disease stringently included only patients who had died of prostate PTEN, ERG, and AR in lethal prostate cancer cancer, whereas in Ahearn's 22 study a lethal event was defined as cancer death or metastasis. The fact that our results simultaneously confirm their findings of ERG-negative-PTEN-negative patients having the poorest prognosis is relevant and raises the question whether the same predictive power also applies for diagnostic samples. The shorter time until secondary therapies after radical prostatectomy associated with PTEN loss, irrespective of other pathological parameters, suggests that PTEN loss is a strong driver of disease progression and warrants a future study in diagnostic biopsies coupled to different treatment regimens. Based on our data and earlier reports, it is becoming evident that PTEN loss is a more important driver of progression than ERG fusion. Our study is, to our knowledge, the first to show that high AR activity in PTEN-negative prostate cancer determines shorter disease-specific survival time, especially in ERG fusion-negative cases. A possible explanation is that ERG actually downregulates AR activity and, when the fusion is not present, other factors, especially ETV1, promote AR transcription in patients with PTEN loss. 30 The current evidence of ERG and PTEN protein expression in prostate cancer may help clinicians in assessing the need for postoperative adjuvant therapies after radical prostatectomy. This may be especially helpful in patients with Gleason score 7 disease, a group of patients who often poses a challenge in clinical decision-making. In our study cohorts, as in most contemporary radical prostatectomy cohorts, Gleason score 7 patients are the most prevalent group. Our results confirm the utility of immunohistochemistry for detecting ERG overexpression and PTEN loss as a determinant of lethal disease. We also found that in the intermediate group of Gleason score 7 it is relevant to consider stratification by ERG and PTEN status. However, further studies in cohorts with information on second-line treatment regimens and large cohorts of prostatectomy-coupled biopsies are needed to test the value of these markers in clinical practice and decision-making.
Although our study is retrospective in nature and utilizes a historical cohort, its strengths are the comprehensive mortality data and long follow-up time necessary for clinically relevant end points such as secondary treatments and mortality. The Helsinki cohort comprises patients diagnosed before PSA screening was introduced and who, thus, tend to have had more advanced disease at the time of surgery than the Turku patients. This difference is reflected in the Helsinki cohort's higher preoperative PSA levels and Gleason scores and is possibly why PTEN expression was found more often to be intact for Turku patients. However, in terms of pT stage and lymph node status, perhaps the strongest conventional determinants of disease outcome, the two cohorts are remarkably similar. Complete loss of PTEN expression showed to be significantly predictive of disease-specific survival in both cohorts independently, so we found it appropriate to combine these two large patient cohorts for more robust analyses.
Further studies assessing the value of an ERG/PTEN-double marker panel combined with AR expression level as a tool for planning possible adjuvant therapies and tailored follow-up are warranted. Furthermore, an additional approach could be to study the ERG/PTEN status in diagnostic prostate biopsies to better identify, eg, whether patients are suitable for active surveillance due to higher risk of disease progression.
In conclusion, our results suggest that prostate cancer patients with PTEN loss might be candidates for adjuvant therapies after radical prostatectomy. It is probable that regulators of the AR pathway other than ERG fusion determine dedifferentiation and lethal progression in prostate cancer with PTEN loss. The relatively simple and accurate immunohistochemical detection of ERG, PTEN, and AR expressions holds strong promise in stratifying patients into relevant risk groups of lethal disease.
